GAS HYDRATE TECHNICAL REVIEW
Under appropriate conditions of temperature and pressure (Figure 1 ),gas hydrate usually form one of two basic crystal structures known as Structure-I and Structure-II ( Figure 2 ).The chemical composition of a Structure-I gas hydrate can be expressed as 8(Ar, CH 4 , H 2 S, CO 2 )46H 2 O or (Ar, CH 4 , H 2 S, CO 2 )5.7H 2 O.The unit cell of Structure-II gas hydrate consists of 16 small dodecahedral and 8 large hexakaidecahedral voids formed by 136 water molecules.Structure-II gas hydrate may contain gases with molecular dimensions in the range of 5.9 to 6.9 angstroms,such as propane and isobutane.The chemical composition of a Structure-II gas hydrate can be expressed as 8(C 3 H 8 ,C 4 H 10 , CH 2 Cl 2 ,CHCL 3 )136H 2 O or (C 3 H 8 ,C 4 H 10 ,CH 2 C l 2 ,CHCL 3 ) 17H 2 O.At conditions of standard temperature and pressure (STP),one volume of saturated methane hydrate (Structure-I)will contain as much as 189 volumes of methane gas -because of this large gas-storage capacity,gas hydrate are thought to represent an important source of natural gas.
The geologic occurrence of gas hydrate has been known since the mid-1960s,when gas-hydrate accumulations were discovered in Russia.Cold surface temperatures at high latitudes on earth are conducive to the development of onshore permafrost and gas hydrate in the subsurface ( Figure  3 ). Onshore gas hydrate are known to be present in the West Siberian Basin and are believed to occur in other permafrost areas of northern Russia,including the Timan-Pechora province,the eastern Siberian Craton,and the northeastern Siberia and Kamchatka areas.Permafrost-associated gas hydrate is also present in the North American Arctic.Direct evidence for gas hydrate on the North Slope of Alaska comes from a core-test in a gas hydrate exploration well,and indirect evidence comes from drilling and open-hole industry well logs that suggest the presence of numerous gas hydrate layers in the area of the Prudhoe Bay and Kuparuk River oil fields.In Canada,well-log responses attributed to the presence of gas hydrate have been obtained in about one-fifth of the wells drilled in the Mackenzie Delta,and more than half of the wells in the Arctic Islands are inferred to contain gas hydrate. The ABSTRACT : Gas hydrate is a crystalline substance composed of water and gas,in which solid lattices of water molecules trap gas molecules in a cage-like structure, or clathrate.Gas hydrate occur in sedimentary deposits under conditions of pressure and temperature present in permafrost regions and beneath the sea in outer continental margins.The combined information from Arctic gas-hydrate studies shows that, in permafrost regions,gas hydrate may exist at subsurface depths ranging from about 130 to 2,000 m. The presence of gas hydrate in offshore continental margins has been inferred mainly from anomalous seismic reflectors known as bottom-simulating reflectors (i.e., BSRs),which have been mapped at depths below the sea floor ranging from about 100 to 1,100 m. While methane,propane,and other gases can be included in the clathrate structure,methane hydrate appear to be the most common in nature.The amount of methane sequestered in gas hydrate is probably enormous,but estimates of the amounts are speculative and range over three orders-of-magnitude from about 3,114 to 7,634,000 trillion cubic meters,which represents a very large potential energy resource. Gas hydrate also represent a significant drilling and production hazard.Russian,Canadian,and American drilling engineers have described numerous problems associated with gas hydrate,including blowouts and well-bore casing failures.Seafloor stability is also an important issue related to gas hydrate.Seafloor stability refers to the susceptibility of the seafloor to collapse and slide as the result of gas hydrate disassociation.It is possible that both natural and human induced changes can contribute to in-situ gas hydrate destabilization,which may convert a gas-hydrate-bearing sediment to a gassy water-rich fluid,triggering seafloor subsidence and catastrophic landslides.Evidence implicating gas hydrate in triggering seafloor landslides has been found along the Atlantic Ocean margin of the United States. However,the mechanisms controlling gas hydrate induced seafloor subsidence and landslides are not well known. Recent studies indicate that atmospheric methane,a greenhouse gas,is increasing at a rate such that the current concentration will probably double in the next 50 years.It is predicted that methane will surpass carbon dioxide as the predominant atmospheric greenhouse gas in the second half of this century.The source of this atmospheric methane is uncertain;however,numerous researchers have suggested that destabilized natural-gas hydrate may be contributing to the build-up of atmospheric methane.
recently completed Mallik 2L-38 and 5L-38 gas hydrate research wells,confirmed the presence of a relatively thick,highly concentrated, gas hydrate accumulation on Richards Island in the outer portion of the Mackenzie River Delta. In marine environments,gas hydrate have been world along continental margins and in the Arctic.This figure depicts two graphs showing the depth-temperature zone in which methane hydrate is stable in (a)a permafrost region and (b)an outer continental margin marine setting (for more information see Sloan,1998) .The top and bottom of the methane hydrate stability zone in these two graphs are defined by the intersection of the geothermal gradient (or hydrothermal gradient)with the methane hydrate phase boundary curve. Each unit cell of Structure-I gas hydrate consists of 46 water molecules that form two small dodecahedral voids and six large tetradecahedral voids. Structure-I gas hydrates can only hold small gas molecules such as methane and ethane,with molecular diameters not exceeding 5.2 angstroms (for more information see Sloan,1998) .The open and closed red circles represent the position of the gas molecules,while the smaller blue circles represent the water molecules.
recovered in gravity cores within 10 m of the sea floor in sediment of the Gulf of Mexico,the offshore portion of the Eel River Basin of California,the Black Sea the Caspian Sea,and the Sea of Okhotsk.Also,gas hydrate have been recovered at greater sub-bottom depths during research coring along the southeastern coast of the United States on the Blake Ridge,in the Gulf of Mexico,in the Cascadia Basin near Oregon,the Middle America Trench,offshore Peru,and on both the eastern and western margins of Japan.
ENERGY RESOURCE POTENTIAL OF GAS HYDRATE
World estimates for the amount of natural gas in gas hydrate deposits range from 14 to 34,000 trillion cubic meters for permafrost areas and from 3,100 to 7,600,000 trillion cubic meters for oceanic sediments.Current estimates of the amount of methane in the world 's gas hydrate accumulations are in rough accord at about 20,000 trillion cubic meters.If these estimates are valid,the amount of methane in gas hydrate is almost two orders of magnitude larger than the estimated total remaining recoverable conventional methane resources,estimated to be about 250 trillion cubic meters.
The 1995 National Assessment of United States Oil and Gas Resources,conducted by the U.S. Geological Survey,focused on assessing the undiscovered conventional and unconventional resources of crude oil and natural gas in the United States.This assessment included for the first time Energy Resource Potential of Natural Gas Hydrates a systematic resource appraisal of the in-place natural gas hydrate resources of the United States onshore and offshore regions.In this assessment,11 gas-hydrate plays were identified within four offshore and one onshore gas hydrate provinces.The offshore gas hydrate provinces assessed lie within the U.S.Exclusive Economic Zone adjacent to the lower 48 States and Alaska.The only onshore province assessed was the North Slope of Alaska.In-place gas resources within gas hydrates of the United States are estimated to range from about 3,200 to 19,000 trillion cubic meters of gas,at the 0.95 and 0.05 probability levels, respectively.Although this wide range of values shows a high degree of uncertainty,it does indicate the potential for enormous quantities of gas stored as gas hydrate.The mean in-place value for the entire United States is calculated to be about 9,000 trillion cubic meters of gas.
Even though gas hydrate is known to occur in numerous marine and Arctic settings,little is known about how to produce them.Most of the existing gas hydrate "resource " assessments do not address the problem of gas hydrate recoverability.Proposed methods of gas recovery from hydrate ( Figure 4 )usually deal with dissociating or "melting " in-situ gas hydrate by (1)heating the reservoir beyond hydrate formation temperatures,(2)decreasing the reservoir pressure below hydrate equilibrium,or (3)injecting an inhibitor,such as methanol or glycol,into the reservoir to change hydrate stability conditions.Gas recovery from hydrate is hindered because the gas is in a solid form and because hydrates are usually widely dispersed in hostile Arctic and deep marine environments.First order thermal stimulation computer models (incorporating heat and mass balance)have been developed to evaluate hydrate gas production from hot water and steam floods,which have shown that gas can be produced from hydrate at sufficient rates to make gas hydrate a technically recoverable resource. However,the economic cost associated with these types of enhanced gas recovery techniques would be prohibitive.Similarly,the use of gas hydrate inhibitors in the production of gas from hydrate has been shown to be technically feasible,however,the use of large volumes of chemicals such as methanol comes with a high economic and environmental cost.Among the various techniques for production of natural gas from in-situ gas hydrate,the most economically promising method is considered to be the depressurization technique.However,the extraction of gas from a gas hydrate accumulation by depressurization may be hampered by the formation of ice and/or the reformation of gas hydrate due to the endothermic nature of gas hydrate dissociation. (modified from Kvenvolden, 1993) .The sites depicted with (l) denote marine gas hydrate occurrence while a (!) is the location of onshore gas hydrate occurrence.
The Messoyakha gas field in the northern part of the Russian West Siberian Basin is often used as an example of a hydrocarbon accumulation from which gas has been produced from in-situ natural gas hydrate.Production data and other pertinent geologic information have been used to document the presence of gas hydrate within the upper part of the Messoyakha field.It has also been suggested that the production history of the Messoyakha field demonstrates that gas hydrates are an immediate producible source of natural gas,and that production can be started and maintained by conventional methods. Long-term production from the gashydrate part of the Messoyakha field is presumed to have been achieved by the simple depressurization scheme.As production began from the lower free-gas portion of the Messoyakha field in 1969,the measured reservoir-pressures followed predicted decline relations;however,by 1971 the reservoir pressures began to deviate from expected values.This deviation has been attributed to the liberation of free-gas from dissociating gas hydrate.Throughout the production history of the Messoyakha field,it is estimated that about 36%(about 5 billion cubic meters) of the gas withdrawn from the field has come from gas hydrate.Recently,however,several studies suggest that gas hydrate may not be significantly contributing to gas production in the Messoyakha field.
It should be noted,that the current assessment of proposed methods for gas hydrate production do not consider some of the more recently developed advanced oil and gas production schemes.For example, the usefulness of downhole Energy Resource Potential of Natural Gas Hydrates Figure 4 . Schematic of proposed gas hydrate production methods.Among the various techniques for production of natural gas from gas hydrates,the most economically promising method is considered to be depressurization (for more information see Sloan,1998) .
heating methods such as in-situ combustion,electromagnetic heating, or downhole electrical heating have not been evaluated.In addition,advanced drilling techniques and complex downhole completions,including horizontal wells and multiple laterals,have not been considered in any comprehensive gas hydrate production scheme.Gas hydrate provinces with existing conventional oil and gas production may also provide us with the opportunity to test relatively more advanced gas hydrate production methods.For example,in northern Alaska existing "watered-out " production wells are being evaluated as potential sources for hot geopressured brines that will be used to thermally stimulate gas hydrate production.
Because of uncertainties about the geologic settings and feasible production technology,few economic studies have been published on gas hydrate.The National Petroleum Council,in its major 1992 study of gas,published one of the few available economic assessments of gas hydrate production (Table 1 ) . This study assessed the relative economics of gas recovery from hydrate using thermal injection and depressurization.It also compared the cost of gas hydrate production with the costs of conventional gas production on Alaska 's North Slope.Since the 1992 NPC report,the cost of conventional gas production has declined,making production from gas hydrate even less likely within countries with considerable production of cheaper conventional natural gas,hydrate appear not to be an economically viable energy resource in a competitive energy market.However,in certain parts of the world with unique Table1: Results of the 1992 National Petroleum Council economic study of gas hydrate production have been summarized in this economic and/or political motivations,gas hydrate may become a critical sustainable source of natural gas within the foreseeable future.
Despite the fact that relatively little is known about the ultimate resource potential of natural gas hydrate, it is certain that gas hydrate are a vast storehouse of natural gas and we need to learn much more about gas hydrate before we can turn this enormous resource into an economically producible reserve.
